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Abstract

The objective of this thesis is to demonstrate multi-dimensional carbon nanotube (CNT) structures
in combination with various active materials in order to evaluate their performance in electrode
applications such as cold emitters, electric double-layer capacitors (EDLC), and electrochemical
sensor/catalyst devices.

As the host materials for other active materials, the construction of multi-dimensional CNT
nanostructures in this thesis is achieved by two different approaches. In the first, direct growth of
3-dimensional carbon nanostructures by catalytic chemical deposition to produce filamentary
carbon as well as vertically aligned forests was applied. The second route that was utilized
encompassed the immobilization of CNTs from dispersions to form 2-dimensional surface
coatings as well as self-supporting porous buckypapers. Carbonaceous nanocomposites of the
active materials are obtained by a number of different methods such as (i) growing nanotubes and
filamentous structures on porous Ni catalyst structures, (ii) impregnating CNTs with organic
receptor molecules or with Pd nanoparticles, (iii) plating and replacing Cu with Pd on the
nanotubes by chemical and galvanic reactions, (iv) annealing W evaporated on CNTs to form
CNT-WC composites in solid-solid reactions and (v) reacting S vapor with W coated on CNTs to
synthesize CNT-WS2 edge-on lamellar structures of the dichalcogenide in the vertically aligned
CNT forests.

The 3-dimensional carbon-Raney®Ni composite electrodes show reasonable specific
capacitance of ~12 F·g-1 in electric double-layer capacitors as well as a low turn-on field (<1.0
V·µm-1) in field emitter devices. CNT-Nafion®-trifluoroacetylazobenzene coatings on glassy
carbon electrodes outperform their Nafion®-trifluoroacetylazobenzene counterparts in
electrochemical sensing of different amine compounds (e.g. 10 mM cadaverine, putrescine or
ammonia). Cu and CuPd/buckypaper composites display catalytic activity in electrocatalytic
oxidation of methanol in alkaline media. On the other hand, nanocomposites of WC and WS2 with
aligned CNT forest exhibit a promising performance in hydrogen evolution reactions with an
overpotential between -0.5 and -0.7 V at pH~1. In addition, these respective CNT forest aligned
nanocomposites also demonstrate a novel method to obtain macroscopic 3-dimensional catalytic
electrode assemblies.

The results in this thesis elucidate the combination of carbon based nanostructures with organic
and inorganic materials as a feasible and versatile approach to produce electrodes for several
applications. The following studies of each active carbonaceous composite are expected to boost
the technological innovation in relevant fields and initiate further development for commercial
exploitation.

Keywords: carbon nanotube, catalyst, cold emitter, electric double-layer capacitor,
electrocatalytic hydrogen production, electrochemical sensor, methanol oxidation,
nanocomposites
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Tiivistelmä

Työn tavoitteena oli demonstroida moniulotteisia hiilinanoputkirakenteita (CNT), joihin yhdiste-
tään erilaisia aktiivisia materiaaleja sekä arvioida niiden suorituskykyä elektrodisovelluksissa,
kuten kenttäemitterissä, sähköisissä kaksoiskerroskondensaattoreissa ja sähkökemiallisissa antu-
ri- ja katalyyttikomponenteissa.

Moniulotteisten CNT-nanorakenteiden konstruoiminen muiden aktiivisten materiaalien isän-
tämateriaaliksi toteutettiin kahdella tavalla. Ensimmäisessä toteutuksessa sovellettiin katalyyttis-
kemiallista pinnoitusta, jolla kasvatettiin suoraan kolmiulotteisia hiilinanorakenteita sekä kuitu-
maisena hiilenä että pystysuuntaan orientoituneina hiilinanoputkimetsinä. Toinen päämenetelmä
oli hiilinanoputkien immobilisointi dispersioista kaksiulotteisiksi pinnoitteiksi ja itsetukeutuviksi
huokoisiksi hiilinanoputkipapereiksi. Hiiltä sisältäviä aktiivisten materiaalien nanokomposiitte-
ja valmistettiin useilla menetelmillä, kuten (i) kasvattamalla nanoputkia ja kuitumaisia rakentei-
ta huokoisiin Ni-katalyyttirakenteisiin, (ii) kyllästämällä hiilinanoputkia orgaanisilla reseptori-
molekyyleillä tai Pd-nanopartikkeleilla, (iii) pinnoittamalla ja korvaamalla nanoputkien päällä
olevaa kuparia palladiumilla kemiallisten ja galvaanisten reaktioiden avulla, (iv) hehkuttamalla
hiilinanoputkien pinnalle höyrystettyä wolframia (W) muodostamaan CNT-WC-komposiitteja
kiinteä–kiinteä-reaktiolla sekä (v) antamalla rikkihöyryn reagoida W-pinnoitettujen hiilinanoput-
kien kanssa lamellaaristen CNT-WS2-kalkogenidirakenteiden syntetisoimiseksi pystysuuntaan
orientoituneisiin CNT-metsiin.

Kolmiulotteisilla hiili–Raney®Ni-komposiittielektrodeilla saavutetaan kohtuullinen ominais-
kapasitanssi (~12 F·g-1) sähköisissä kaksoiskerroskondensaattoreissa ja pieni kytkeytymiskenttä
(<1,0 V·μm-1) kenttäemitterikomponenteissa. CNT-Nafion®-trifluoroasetyyliatsobentseeni-pin-
noitteet lasimaisilla hiilielektrodeilla ovat selvästi parempia erilaisten amiiniyhdisteiden (esimer-
kiksi 10 mM kadaveriini, putreskiini tai ammoniakki) sähkökemiallisessa havaitsemisessa kuin
vastaavat Nafion®-trifluoroasetyyliatsobentseeni-pinnoitteet. Cu- ja CuPd-hiilinanoputkipaperi-
komposiitit osoittavat katalyyttistä aktiivisuutta metanolin sähkökatalyyttisessä hapettumisessa
emäksisessä väliaineessa. Toisaalta WC- ja WS2-yhdisteiden ja orientoituneiden CNT-metsien
muodostamat nanokomposiitit osoittavat lupaavaa suorituskykyä vedynmuodostamisreaktios-
sa -0,5…-0,7 V ylipotentiaalilla, ja nämä myös demonstroivat uutta menetelmää makroskoop-
pisten kolmiulotteisten katalyyttisten elektrodirakenteiden toteuttamiseksi.

Väitöskirjan tulokset osoittavat, että hiilipohjaisten nanorakenteiden ja orgaanisten/epäorgaa-
nisten materiaalien yhdistäminen on toteuttamiskelpoinen ja monipuolinen lähestymistapa elekt-
rodien valmistamiseksi useisiin sovelluksiin. Kunkin työssä esitetyn aktiivista hiiltä sisältävän
komposiitin tutkimuksen odotetaan lisäävän kyseisen alan teknisiä innovaatioita ja synnyttävän
lisää kehitystyötä tutkimuksen kaupalliseksi soveltamiseksi.

Asiasanat: hiilinanoputki, katalyytti, kylmäemitteri, metanolin hapetus,
nanokomposiitit, sähköinen kaksoiskerroskondensaattori, sähkökatalyyttinen vedyn
tuotanto, sähkökemiallinen anturi





 

 

“Luck is what happens when preparation meets 
opportunity.”    Lucius Annaeus Seneca  
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1 Objective and outline of thesis  

The main objectives of this thesis are to establish various kinds of synthetic 

approaches of nanostructured carbon based composites and then to demonstrate 

applications, where the nanocomposites are used as electrode materials.  

The first section of this thesis introduces various forms of sp2 hybridized 

carbon nanomaterials followed by a more detailed overview of carbon nanotubes 

(CNTs) with a focus on their electrical and mechanical properties. The final part of 

this chapter also summarizes the growth of filamentary carbon nanomaterials and 

their use in the construction of multidimensional nanostructures.  

In Chapter 2, the synthetic process of three–dimensional carbonaceous 

electrodes by combining catalyst printing and subsequent chemical vapor 

deposition (CVD) of carbon is described. Mesoporous Ni films made of Raney® 

nickel catalyst based pastes are applied as growth templates for nanostructured 

carbon materials grown at different temperatures from an acetylene precursor. The 

obtained 3–dimensional Ni–carbon composites are studied as electrodes for EDLCs 

and cold emitters (Paper I). 

Chapter 3, based on Paper II, discusses the use of trifluoroacetylazobenzene 

(known as an amine receptor) as an optical and electrochemical sensing material to 

detect various types of amine compounds. In the electrochemical measurements, 

2–dimensional composite coatings of the organic amine receptor with Nafion® and 

Nafion®–CNT are studied and compared to reveal their sensitivity upon exposure 

to a number of different amines in aqueous electrolytes. 

In Chapter 4, Cu and CuPd catalysts are grown on Pd decorated CNT films 

(buckypapers) by chemical plating and subsequent galvanic replacement. Both Cu 

and CuPd/buckypaper composites are evaluated as electrode materials in the 

electrocatalytic oxidation of methanol. The possible oxidation mechanisms and 

durability of the composites are also presented (Paper III).  

Chapter 5 describes a novel template route to grow tungsten carbide (WC) and 

tungsten disulfide (WS2) nanoparticles on vertical aligned CNTs. The work 

discusses on the formation, structure and electrocatalytic behavior of the CNT–WC 

and CNT–WS2 composites in hydrogen evolution reactions (Paper IV). 

In Chapter 6, the major findings of the thesis are summarized, and an outlook 

for relevant further studies is herein provided. 
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2 Introduction of carbonaceous nanomaterials  

Carbon, a tetravalent, nonmetallic element, exists in several famous allotropes such 

as diamond, graphite, fullerenes, carbon nanotubes and graphene. These allotropes 

vary due to their different atomic bonding and crystal symmetry. The very different 

nature (physical and chemical properties) of these carbon allotropes clearly 

demonstrates how atomic arrangement may affect the properties of materials. 

Discoveries of sp2 hybridized carbon nano–allotropes such as fullerene, (Kroto et 

al. 1985) carbon nanotubes, (Iijima 1991) and graphene (Novoselov et al. 2004) 

over the past few decades has triggered considerable research in materials science 

leading to a great development in photonics, electronics and photovoltaics. The sp2 

atomic bonding structure results in excellent in–plane transport of carriers. Even 

ballistic transport over a micrometer in length has been demonstrated in CNTs, 

which is extraordinary considering the rise of scattering in metals after a few 

nanometers. Combining this feature with the high optical transmittance of easily 

percolating thin networks of carbon nanotubes and graphene, transparent electrodes 

were demonstrated to replace costly indium tin oxide. (Zhang et al. 2005, Wang et 

al. 2008, Kim et al. 2009, Bae et al. 2010) On the other hand, these carbon 

allotropes have also been proposed for nanoelectronic applications as high–speed 

field–effect transistors, owing to the large carrier mobility (μ) in these materials. 

For example, fullerene thin films grown epitaxially (Anthopoulos et al. 2006) (μ=6 

cm2V-1S-1) or via solution–processing alignment (Li et al. 2012) (μ=11 cm2V-1S-1) 

have been proven to be competitive n–channel field–effect transistors amongst 

various organic materials. Considering their colossal carrier mobility, carbon 

nanotubes (Durkop et al. 2004) and graphene (Morozov et al. 2008, Bolotin et al. 

2008) (μ=7.9×104 and 2.0×105 cm2V-1S-1, respectively) were expected to replace 

silicon (Takagi et al. 1994) (μ<1000 cm2V-1S-1) in p–channel and bipolar field–

effect transistors of logic architectures. By combining the superior electrical 

properties with their tiny size, (~1 nm in diameter for fullerenes and single–wall 

CNTs, and only one carbon atom thick structures for graphene), and outweighed 

specific surface area (~2800 m2·g–1 for C60 fullerene (Adams et al. 1994), ~2.200 

m2·g-1 for opened single–walled carbon nanotubes (Hiraoka et al. 2010) and 2630 

m2·g-1 for graphene (Stoller et al. 2008)), the application of these materials is 

extremely beneficial in various interfacial reactions with charge exchange. For 

example, the derivatives of fullerenes such as [6,6]–phenyl–C61–butyric acid 

methyl ester (PC61BM), [6,6]–phenyl–C71–butyric acid methyl ester and (PC71BM) 

have been exploited as electron acceptors in organic bulk–heterojunction 
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photovoltaics with very competitive power conversion efficiencies (~10%). (Lai et 

al. 2014) However, carbon nanotubes, graphene and their functionalized 

derivatives were also eminent candidates for electrodes in electrochemical (Stoller 

et al. 2008, Wang 2005, Lee et al. 2009, Gong et al. 2009, Hou et al. 2010, Shao et 

al. 2010, El–Kady et al. 2012, Wang et al. 2010) and p–type co–catalysts in 

photocatalytic (Woan et al. 2009, Zhang et al. 2011) applications due to their huge 

contact surface area with reactants, which could noticeably enhance the 

corresponding reaction yield. In addition, carbon nanotubes and graphene are also 

employed to construct conductive three–dimensional structures such as graphene 

sponges, (Vickery et al. 2009, Chen et al. 2011, Nguyen et al. 2012, Hu et al. 2013) 

aligned CNT forests, (Wei et al. 2002, Correa–Duarte et al.2004) random networks, 

(Fu et al. 2012) and carbon nanotube/graphene sandwich structures. (Fan et al. 

2010) These three–dimensional carbonaceous structures not only inherit the 

superior properties of their components, (carbon nanotube and/or graphene) which 

are listed above but also possess excellent mechanical strength and elasticity 

(Vickery et al. 2009, Chen et al. 2011, Hu et al. 2013) as well as controllable 

porosity. (Nguyen et al. 2012) 

2.1 Introduction to CNTs 

Carbon nanotubes are composed of hexagonally arranged covalently bonded sp2 

carbon atoms that are located on a surface of a cylinder (schematically, if a 

graphene sheet would be rolled–up into a cylindrical structure). Carbon nanotubes 

can be simply categorized as single–wall carbon nanotubes (SWCNTs), double–

walled carbon nanotube (DWCNTs) and multi–walled carbon nanotube (MWCNTs) 

depending on the number of graphene layers wrapped around on each other. The 

cylindrical structure, diameter, helicity of graphene layers in the wall, number of 

graphene layers in walls, and possible defects have significant implications on the 

electrical as well as mechanical properties of these nanostructures.  

When folding the hexagonal lattice to form a cylinder (while matching sites on 

the edges), we can obtain SWCNTs of different kinds due to the helicity of carbon 

atoms in the nanotube and of course to the diameter of the structure. Mathematically, 

this can be presented by a chiral vector (a vector between two crystallographically 

equivalent carbon atoms being folded in each other) as C = na + mb , where a and 

b are the unit vectors in a hexagonal lattice; n and m are integers. For m = 0, the 

SWCNT is called “zigzag” CNT; for n = m, it is “armchair”; in all other instances 

it is called “chiral”. The parameters n and m determine not only the chirality but 
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also the diameter of the nanotubes. Furthermore, calculations derived from the 

two–dimensional energy dispersion relation for periodic carbon π orbitals indicated 

that the wrapping direction and diameter of single–walled carbon nanotube would 

greatly influence its electronic structure. (Saito et al. 1992) Accordingly, if 2n + m 

= 3q (where q is an integer) the nanotube is metallic, otherwise semiconducting 

(band gaps can vary from a few tens of meV up to ~1 eV in practice).  

Double–walled carbon nanotubes, which are consisted of two coaxial tubes, 

possess similar chirality–dependent carrier transport. (Liu et al. 2009, Fujisawa et 

al. 2011) The outer tube could significantly improve its chemical resistivity by 

protecting the inner tube away from the induced defects during the 

functionalization (grafting of functional group would break the C=C bond) in 

corresponding applications without sacrificing its conductivity. On the other hand, 

because the band gap of a semiconducting nanotube is inversely proportional to its 

diameter, (Ajiki et al. 1993) the increasing number of wrapping graphene layers 

(interlayer distance ~3.4 Å) result in a significant decrease in the band gap. 

Furthermore, as conduction occurs mainly in the outermost graphene layer (viz. the 

inner layers are separated by tunneling barriers) (Bourlon et al. 2004) multi–walled 

carbon nanotubes show semi–metallic or metallic behavior.  

In practical applications, the use of SWCNTs in p–type field–effect transistors 

(Durkop et al. 2004) or other logic devices such as NEMs (Sazonova et al. 2004, 

Loh et al. 2012, Shulaker et al. 2013) could substantially increase the speed of 

devices due to its small size and giant mobility. Efforts to find CNTs as successors 

of silicon chips, which will soon encounter physical limits of improving further, are 

still limited to laboratory experiments, since several important issues should be 

addressed before the commercialization: (i) controllable synthesis process to 

produce tubes with the same diameter and chirality (n,m) hence controlled 

electrical properties; (ii) development of large scale synthesis with well–defined 

surface locations of the CNTs on substrates to allow scalable integration of devices, 

and (iii) improvement of nanotube quality control, manipulation and 

electrical/mechanical interfacing. (Arnold et al. 2006, Liu et al. 2010, Zhang et al. 

2011, Chen et al. 2014) 

Carbon nanotubes as 1–dimensional objects with high aspect ratios and good 

electrical conductivity (Ebbesen et al. 1996) could effectively lower the percolation 

thresholds for carrier transport in films and fibers as compared to 0–dimesnional 

nanoparticle networks. In recent years, the successful synthesis (Vigolo et al. 2000, 

Dalton et al. 2003, Ericson et al. 2004) of spun carbon fiber not only retains the 

excellent properties (6.7×108 S·cm-1 in conductivity (Zhao et al. 2011)) of CNTs 
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but also opens up new horizons in various macroscopic applications such as 

conducting cables, (Zhao et al. 2011) actuators, (Foroughi et al. 2011, Guo et al. 

2013) flexible photovoltaics (Chen et al. 2011) and fiber–based wearable 

electronics (Zeng et al. 2014). 

The mechanical properties of carbon nanotubes have been measured by a 

number of different parameters including thermally (Treacy et al. 1996) and field 

induced (Poncharal et al. 1999) vibration of MWCNTs as cantilevers, transversal 

mechanical loading with an atomic force microscope tip while simultaneously 

measuring deformation and force (Wong et al. 1997, Salvetat et al. 1999), as well 

as by direct tensile loading (Yu et al. 2000). The values of the Young’s modulus 

and strength are elucidated to be 0.18–1.28 TPa and 1.4–14 GPa, respectively. The 

responses of multi–walled carbon nanotubes to form high–strain deformations, like 

reversible bending as well as buckling without further severe damages, also suggest 

that nanotubes are extraordinarily flexible and resilient (Wong et al. 1997, Falvo et 

al. 1997). In the case of SWCNTs, ropes rather than individual nanotubes were 

studied due to the difficulty of manipulation, (Salvetat et al. 1999, Yu et al. 2000) 

and the Young’s modulus was evaluated to be ~1 TPa which is similar to that of 

graphite in–plane (1 TPa) (Kelly et al. 1981). Furthermore, the tensile strength and 

strain of these ropes can reach as high as 52 GPa (mean value 30 GPa) and 5.3%, 

respectively. (Yu et al. 2000) Even though the outstanding mechanical properties 

of carbon nanotubes (demonstrated above) are highly expected to replace the 

commercial construction materials like steel, there is still a long way to go for large 

scale production of carbon nanotube products with macroscopic dimensions. On 

the other hand, the tiny dimensions of carbon nanotubes make them suitable as 

reinforcing elements to enhance the mechanical strength of various composites due 

to their high surface area, which would greatly enhance the interaction with 

composite matricies. (Coleman et al. 2006, Rogers et al. 2010, Naraghi et al. 2010, 

Naraghi et al. 2013, Espinosa et al. 2013) However, in various carbon–based 

composites with a high density of nanotube loading, the weak shear interaction 

between adjacent SWCNTs in ropes or adjacent graphitic layers in MWCNTs (van 

der walls force, 2.3×10-14 N per atom (Cumings et al. 2000)) is often a problem. 

One potential way of overcoming the easy sliding of the carbon layers may be 

obtained by inter–tube linking or by establishing crosslinking bonds between 

adjacent sheets for instance by radiation damage of the structures. (Kis et al. 2004, 

Peng et al. 2008)  
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2.2 Synthesis, organization and immobilization of filamentary 

carbon nanomaterials 

In general, filamentary carbon nanomaterials are categorized as carbon nanofiber 

or carbon nanotube depending whether the structure is hollow or not. Although both 

carbon nanofibers and nanotubes have similar cylindrical structures, carbon 

nanofibers are considered to have a lower degree of graphitic bonding due to the 

lower growth temperature. With the development of petrochemistry in the last 

century, carbon nanofibers were first taken as by–products of the deactivation of 

catalysts in hydrogenation/dehydrogenation of hydrocarbons. R. T. K. Baker and 

co–workers found various types of filamentary or angular graphite laminae on 

nickel catalysts after the decomposition of acetylene. (Baker et al. 1972) Similar 

works on the catalytic decomposition of hydrocarbons over different transition 

metal catalysts were studied with the main focus of catalyst poisoning (coking) at 

that time. (Pinilla et al. 2011, Pinilla et al. 2011) Tailoring the properties and 

structures of carbon nanofibers could be achieved by careful control of several 

parameters (Rodriguez et al. 1995) to produce industrial scale quantities of high–

quality carbon nanofibers (De Jong et al. 2000, Pham–Huu et al. 2002)  

Carbon nanotubes are obtained in a similar way as nanofibers (i.e. with a 

decomposition of a carbon source in the presence of a catalyst). However, the major 

difference in this respective production is the smaller size of the catalyst and higher 

temperature for synthesis. The three principal methods for carbon nanotube 

synthesis are (i) arc discharge, (ii) laser ablation and (iii) chemical vapor deposition. 

CNTs synthesized by arc discharge and laser ablation are mainly in the form of 

powder. On the other hand, with the application of catalyst templates, chemical 

vapor deposition can provide a facile approach to obtain ordered structures such as 

vertical–aligned forests (Hata et al. 2004), horizontally aligned arrays (Zhang et al. 

2001, Ibrahim et al. 2012) and complex three–dimensional (3D) microarchitectures. 

(Halonen et al. 2010) Chemical vapor deposition is a collective name for the growth 

procedure based on catalytic decomposition of carbonaceous vapors or gases at 

high temperatures (usually between 600–1200°C). Plasma–assisted processes can 

enhance the dissociation of carbonaceous precursors and lower growth 

temperatures. (Chowalla et al. 2001)  

Immobilization of carbon nanomaterials on surfaces is a multi–step process 

which includes (i) dispersion of carbon nanomaterials in solvents after 

functionalization and/or addition of surfactants to eliminate the surface tension 

between immiscible bulk phases (O’Connell et al. 2001, Zhenng et al. 2003, Li et 
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al. 2008) and (ii) casting of functionalized carbon nanomaterials, which entails the 

deposition  (e.g. by filtration and spin coating), using various printing techniques 

(e.g. stencil, screen, inkjet) or spray coating on a desired substrate. The major 

advantages of the aformentioned solution–accessible techniques are scalability, 

direct production of micropatterned structures and wide range of options for 

substrate selection. Various carbonaceous thin films have been made by this 

approach and applied as electrodes, (Li et al. 2003, Eda et al. 2008) sensors, 

(Kordas et al. 2006) interconnects and transistors. (Mustonen et al. 2008, Gracia et 

al. 2010) However, incorporated functional groups and surfactants are hard to be 

detached from the immobilized carbon nanostructures and may deteriorate the 

properties of carbon nanomaterials, resulting in a drawback in some applications. 

(Awasthi et al. 2009, Gulotty et al. 2013) 

Carbonaceous nanostructures can be also obtained through the introduction of 

carbon nanomaterials to templates. (Cao et al. 2011, Wu et al.2013) Generally, two 

different kinds of templates, i.e. hard and soft are utilized as molds to create the 

porous carbonaceous structure. In the hard template method, inorganic oxides such 

as zeolites (Férey et al.1999, Yang et al. 2007), clays (Kyotani et al. 1994) anodic 

aluminum oxides (Meng et al. 2005) and silica (Lee et al. 1999, Han et al. 2000) 

offer a removable rigid frame to replicate carbonaceous materials with controllable 

porosity (the carbon source is simply decomposed in the template at high 

temperature). On the other hand, impregnation of catalysts (e.g. Fe, Co, Ni and their 

combinations) into the template or using template materials with catalytic activity 

for carbon growth are also a feasible approach to build up a porous carbonaceous 

structure. Although such three–dimensional carbonaceous networks synthesized by 

catalytic growth do not necessarily copy the original structure of the template, the 

typically high graphitic structure and good mechanical integrity of the obtained 

composites still offer a number of different practical benefits for applications.  

In soft templates, the self–assembly of structure–directing agents (i.e. 

surfactants or copolymers) and carbon precursors in hybrid solutions provide 

another approach to the acquisition of flexible, porous carbonaceous structures. 

However, the porosity of carbon structures derived from the soft template method 

highly depends on the temperature, solvent and ionic interaction and only a few 

successful studies have been reported. (Liang et al. 2004, Liang et al. 2006) The 

products synthesized from traditional template carburization have advantages such 

as large specific surface area, well–controlled porosity and pore size which allow 

their utilization in sensors, (Lai et al. 2007) electrodes for energy storage, (Lee et 

al. 1999, Joo et al. 2001, Zhou et al. 2003) hydrogen storage material (Yang et al. 
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2007) and sorbent materials for contaminants and drugs. (Hartmann et al. 2005, Gu 

et al. 2007)  

2.3 Synthesis of active carbonaceous composites by integrating 

different nanomaterials upon filamentary carbon host 

As described above, carbon nanomaterials possess large surface area, superior 

electrical and mechanical properties as well as great chemical inertness suitable for 

various applications. Depending on the particular application however, often other 

functional materials are incorporated in the carbon host in order to improve a 

specific physicochemical property (e.g. catalytic activity, electrical conductivity, 

work function, morphology, mechanical hardness) of the original material. In this 

thesis, various types of active materials are immobilized on the synthesized carbon 

host to form nanocomposites e.g. by impregnating CNTs with polymers or with 

metal nanoparticles, (ii) chemically plating metals and galvanically replacing those 

with other metals of higher standard redox potential and (iii) annealing metal coated 

CNTs in inert and reactive atmospheres.  

First of all, direct mixing of active materials with carbon host are common 

techniques to introduce organic molecules (Moniruzzaman et al. 2006) and 

inorganic nanoparticles. (Yao et al. 2008) The solubility of carbon host (Chen et al. 

2008 and 2002) and nanoparticles (Lin et al. 2013) in solution phase is critical to 

ensure the formation of homogeneous mixtures by preventing severe phase 

separation. Accordingly, surface engineering to tune surface energy and wetting 

behaviour is an important part of most of the synthetic processes. Using stable 

dispersions/solutions of the carbon host and active materials has a further practical 

advantage in reference to dry processes. Namely, it is the enabled large–scale 

production of composite coatings and films by a variety of printing, casting, 

spraying and painting methods.  

Secondly, the impregnation of metal nanoparticles upon carbon host with 

subsequent crystal growth is another feasible approach to acquire active 

carbonaceous composites. The impregnation of metal nanoparticles on carbon host 

is usually conducted by several steps: functionalization of carbon materials, mixing 

functionalized carbon host with metal–organic complex in organic solvent, 

calcination and reduction.(Leino et al. 2013) The impregnated nanoparticles can be 

directly taken as catalyst for carbon growth,(Fan et al. 2010) electrocatalytic 

material for decomposition of small organic molecules(Hu et al. 2012) as well as 

receptor for electrochemical sensing.(Guo et al. 2010)  
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The amount and cost of the anchored metals on carbons are also important 

issues in practice. Today’s trends in developing noble–metal free catalyst 

composites have triggered the use of chemical plating for depositing for instance 

Cu (Xu et al. 2004) and Ni (Li et al. 1997) nanoparticles on CNTs. The chemical 

plating process provides a simple approach to obtain metal nanostructures on the 

carbon host from solutions of complexed metal ions and reducing agents. 

Furthermore, galvanic replacement reactions can be applied in a subsequent 

process to partially remove the original metal and simultaneously introduce another 

metal thus creating bimetallic catalyst structures. Such a galvanic replacement 

reaction takes place, when the redox potential of the replacing metal is higher than 

that of the original one.  

Last, the growth of metal carbides and sulphides from pure metals in reactive 

atmospheres (Davidson et al. 1978; Li et al. 2003) or from suitable precursors in 

solvothermal conditions (Ratha et al. 2013, Singla et al. 2015) offer further 

alternatives to produce noble–metal free catalysts. The application of any of the 

above methods in the presence of a carbon support can lead to composites of the 

carbon host and the metal compounds as it is demonstrated in this thesis.  
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3 Growth of three–dimensional carbonaceous 
electrodes and its application in electrochemical 
storage and field emission 

In this chapter, background information on the utilization of CNTs in 

electrochemical storage and field emission is provided, and the synthesis along with 

the characterization and utility of three–dimensional carbonaceous mesoporous 

nanostructures is described. The results were originally presented in Paper I. 

3.1 Background 

In the past decade, the fast–growing market of mobile devices and electrically 

powered vehicles urged needs for high–power energy storage devices. 

Supercapacitors with high power capability and relatively large energy density 

(Simon et al. 2008) offer a promising approach to meet these demands. According 

to the energy storage mechanism, supercapacitors can be divided into two 

categories. One is the electrical double–layer capacitor (EDLC) in which the 

charges are electrostatically accumulated at the interface between electrolyte and 

electrode. As a result, the efficiency of device is highly dependent on accessible 

surface area to electrolyte ions and also on the electrical conductivity of the 

electrode material. (Halonen et al. 2013, Rauto et al. 2015) The other class is that 

of pseudocapacitors (not covered in this work), where the electrical energy is stored 

by fast and reversible faradic processes between redox–active species (e.g. 

ruthenium oxides) and an electrolyte.  

The concept of the EDLC was first modeled by Hermann von Helmholtz 

(Helmholtz et al. 1853) in 1853 and explicitly confirmed by Stern (Stern et al. 1924) 

in 1924 with modification. In Stern’s modified model, the distribution electrolyte 

ion around the electrode can be recognized by two distinctive regions: a compact 

layer and a diffuse layer. For the compact layer, there is a correspondence to the 

distance of a depletion region where only oppositely charged ions are adsorbed on 

the electrode. As a result, the capacitance of EDLC can be treated as a combination 

of the capacitances from two regions in series (CH and Cdiff for compact and diffuse 

layers, respectively). Although the concept of infinite parallel electrodes is often 

used to estimate the capacitance, such a simple linear relationship cannot hold for 

highly porous electrodes since the limited space in the porous structure would limit 

the formation of the electric double layer. Accordingly, several groups reported 



26 

pore size effect in measured capacitance values (Simon et al. 2008, Raymundo–

Pinero et al. 2006, Ghosh et al. 2012) and further models were developed (electric 

double–cylinder capacitor and electric wire–in–cylinder capacitor) to describe the 

modified electric double layer in mesoporous carbon and microporous carbon 

electrodes, respectively. (Huang et al. 2009)  

In general, activated carbons (ACs), carbon nanotubes and graphene have been 

widely investigated for EDLC electrodes. (Ghosh et al. 2012, Zhang et al. 2009) 

To increase the exposed surface area of the electrode, different three–dimensional 

configurations of carbonaceous electrodes (templated carbon, (Lee et al. 1999, 

Ryoo et al. 2001) vertically aligned CNTs arrays (Talapatra et al. 2006, Halonen et 

al. 2013) and graphene–CNTs of a hierarchical structure (Du et al. 2011)) were 

developed to further improve the electric storage. It is worth mentioning that 

flexible and wear–resistant energy storage devices made of carbon electrodes are 

emerging.   

Field emission electrodes represent another important potential application 

area of CNTs. (Rinzler et al.1995) Field emission is based on quantum tunneling 

of electrons that are ejected from a surface into a vacuum under the assistance of 

an applied electric field. The process is highly dependent on the work function of 

the material and on the shape (texture) of the cathode. In general, the Fowler–

Nordheim equation J=(Aβ2E2∅-1)exp(-B∅1.5β-1E-1) describes the process for bulk 

metals and other crystalline solids, where J is the emission current density, E is the 

applied field, A and B are constants, β is the field enhancement factor (the ratio of 

height over radius of curvature at the emission center), and Φ is the work function 

of the emitter. Thus, materials with low work function and elongated geometry and 

sharp tips or edges can greatly increase an emission current. Although the equation 

is very often used to model cold emission from CNT films and forests, it is worth 

noting that the field enhancement factors are much overestimated, and the 

linearized plots are not always linear because of the screening effects of nanotubes 

that are too close to each other. Nevertheless, nanotube forests and random films 

are indeed very promising materials for high current emission sources. By catalyst 

assisted CVD of CNTs, vertical arrays with different densities can be obtained on 

substrates, which is a very important process for practical utilization in flat panel 

displays (de Heer et al. 1995, Fan et al. 1999) or high frequency amplifiers. 

(Aleman et al. 2011) 



27 

3.2 Fabrication of three–dimensional carbonaceous electrodes 

The synthesis process of three–dimensional carbonaceous electrodes combines two 

steps: stencil printing of the catalyst and the subsequent CVD process to grow 

nanostructured carbons. To prepare catalyst paste suitable for stencil printing, 

Raney® nickel 2400 slurry is mixed with poly(methyl methacrylate (PMMA) in 2–

(2–butoxyethoxy) ethyl acetate and then processed in a ball–mill for ~15 hours. 

After the milling process, the paste was transferred from the ball–mill to a beaker 

by washing with small aliquots of acetone and then removed from the paste by 

heating to 90°C for about 15 minutes.  

In the stencil printing process, laser cut stainless steel masks (thickness of 100 

µm) having square patterns of 15×15 mm2 size were used. The catalyst paste is 

doctored through the stencil with a lateral blade movement of ~1.0 m·s-1 speed. Si 

wafers with a 200 nm SiO2 layer and polycrystalline alumina substrates were used. 

Before the stencil printing, Ti (40 nm) and Ni (100 nm) films were deposited on the 

substrates by e–beam evaporation and magnetron sputtering, respectively. The 

metallization layers are applied to improve adhesion of the catalyst on the 

substrates and to help electrical interfacing of the grown structures in subsequent 

experiments. The printed catalyst films were dried in a box furnace at 120°C in air 

for 15 minutes to remove the organic solvent. To reduce the catalyst, the patterned 

substrates were loaded in a cold–wall CVD reactor and heated to 400, 600 or 800°C 

(with a heating rate 100°C·min-1) in 500 sccm Ar and 50 sccm H2 (5 mbar) and kept 

there for 30 minutes. After this step, C2H2 (acetylene) was introduced (flow rate of 

10 sccm, at ~14 mbar) for a 20 minutes period to grow carbon and then the samples 

were cooled in a flow of Ar (500 sccm) and H2 (50 sccm) (Fig. 1). 

Fig. 1. Schematic drawing of the fabrication process including evaporation of under–

metallization, stencil printing the catalyst and subsequent chemical vapor deposition 

of nanostructured carbons. (Paper I) Reproduced with the permission of The Royal 

Society of Chemistry, 2015. 
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3.3 Structural characterization of carbonaceous electrode grown at 

different temperatures 

After the synthesis at 400°C, 600°C and 800°C, different kinds of carbonaceous 

structures formed and made nanocomposites with the Raney® Ni catalyst.(Fig. 2) 

Growth at 400°C or 600°C resulted in carbon filaments appearing on the surface of 

the catalyst, while at 800°C, much less filamentous products were observed. 

Fig. 2. SEM images of porous structure of carbon growth on nickel mesoporous layer 

at (a, d, g) 400°C, (b, e, h) 600°C, (c, f, i) 800°C. The scale bar of (a–c), (d–f) and (g–i) are 

10 µm, 1 µm and 400 nm, respectively. (Paper I) Reproduced with the permission of The 

Royal Society of Chemistry, 2015.  

According to TEM analysis, the majority of the filaments are multi–walled 

carbon nanotubes in these samples (Fig. 3). Besides nanotubes, also graphitic 

deposits of 40–50 nm thickness were found on the surface of the catalyst in the 

samples processed at 800°C. The growth mechanism on the porous Ni catalyst 

structure can be explained by the vapor–liquid–solid (VLS) growth model for 

carbon nanotubes on metal catalysts. First, the dissociation of hydrocarbon 
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molecules (to carbon atoms and clusters) is catalyzed at the Ni surface. After 

decomposition, the produced carbon species are adsorbed on and dissolved in the 

Ni particle. Since the precipitation of carbon is determined by the concentration 

and solubility of carbon in the metals, which highly depend on the surface curvature 

as well as on the temperature, even small fluctuations in such parameters can drive 

the carbon to phase separate and precipitate on the surface. (Halonen et al. 2008) 

The appearance of thick graphitic coating on the metal surface is attributed to a 

partial collapse of the mesoporous Ni structure, which is not favored to grow 

fibrous products. Furthermore, the quick precipitation of thick graphitic carbon 

layers on the surface is blocking (i.e. poisoning) the catalyst. 

Fig. 3. TEM images of carbon structure on nickel mesoporous layers after (a) 400°C, (b) 

600°C, and (c) 800°C growth. The scale bars show 50 nm. (Paper I) Reproduced with the 

permission of The Royal Society of Chemistry, 2015. 

The production yield of carbon materials was elucidated by thermogravimetric 

analysis (TGA) (from 300°C to 800°C in air). The weight loss for the samples 

grown at 400°C, 600°C and 800°C was measured to be 29.0%, 48.0% and 36.0%, 

respectively. The results suggest the optimum temperature for carbon growth is at 

600°C in good agreement with electron microscopy studies. The increased 

degradation temperature with the growth temperature of the composites is due to 

the better crystallinity of carbon deposits in the structures grown at higher 

temperatures (Fig. 4). 
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Fig. 4. (a) Weight and (b) differential thermal gravimetric curves for nanostructured Ni–

carbon composites grown at different temperatures. (Paper I) Reproduced with the 

permission of The Royal Society of Chemistry, 2015. 

On the other hand, the specific surface area of Raney nickel (100 m2·g-1) is 

decreased to approximately 65, 36 and 15 m2·g-1 after carbon growth in 400°C, 

600°C and 800°C, respectively. The pore volume of the composites also varies with 

temperature (0.134 to 0.069 and 0.045 mL·g-1 for 400°C, 600°C and 800°C samples, 

respectively) (Fig. 5). 

Fig. 5. Nitrogen adsorption and desorption isotherms for the carbon nanostructures 

grown on Raney nickel at (a) 400°C, (b) 600°C, and (c) 800°C. (Paper I) Reproduced with 

the permission of The Royal Society of Chemistry, 2015. 
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3.4 Applications in electric double–layer capacitors and cold 

emission electrodes 

Cyclic voltammetry (CV) analysis (Fig. 6) of the composite films (sandwiching a 

cellulose separator) in aqueous KOH electrolytes show rather rectangular CV 

curves with large hysteresis loops in the applied voltage scan rate range (from 0.05 

to 0.5 V·s-1), which is a good indication of ideal capacitor behavior. The specific 

capacitances are 12.3, 2.5 and 1.0 F·g-1 for the composites grown at 400°C, 600°C 

and 800°C, respectively. The decreased specific surface area of these electrodes can 

effectively explain the lowered capacitance with an increased growth temperature. 

The results measured for the 400°C samples are comparable with those reported 

for MWCNTs (18 F·g-1) (Talapatra et al. 2006) and (10–29 F·g-1)(Halonen et al. 

2013) grown at much higher temperatures. 

Fig. 6. Cyclic voltammetry curves with different charge/discharge rates of carbon grown 

on nickel mesoporous layer at (a) 400°C, (b) 600°C, and (c) 800°C. The red, black, green 

and blue curves correspond to charge/discharge rates of 0.05 V·s-1, 0.10 V·s-1, 0.25 V·s-

1 and 0.50 V·s-1, respectively. (Paper I) Reproduced with the permission of The Royal 

Society of Chemistry, 2015. 

The carbon/Raney® nickel composite electrodes also showed promising results 

in field emission experiments (Fig. 7) with turn–on fields below 0.9 V·µm-1. The 

results are comparable with those published for carbon nanobuds (0.65 V·µm-1), 

(Nasibulin et al. 2007), vertically aligned CNT arrays grown on Inconel (0.8–1.5 

V·µm-1), (Sridhar et al. 2014) and significantly lower than that reported for screen 

printed carbon nanotubes (3 V·µm-1). (Li et al. 2003).  
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Fig. 7. Field emission of carbon/Raney nickel composites. (Paper I) Reproduced with 

the permission of The Royal Society of Chemistry, 2015. 
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4 Electrochemical detection of amines by 
trifluoroacetylazobenzene receptor molecules 
incorporated to Nafion® and CNT composites 

In this chapter, the mechanism of amine sensing by trifluoroacetylazobenzene is 

discussed. The feasibility of the composites is evaluated in detecting four different 

amines using electrochemical measurements. The work is also complemented by 

optical measurements. These results are originally presented in Paper II. 

4.1 Background 

The approach of electrochemical sensing is associated with a direct conversion of 

the chemical information to electrical signal using transducers. The transducer (i.e. 

sensing element) is usually integrated with a specific recognition receptor to 

selectively correspond to a specific analyte. (Grieshaber et al. 2008) As the 

operation of electrochemical sensors is greatly influenced by the surface 

architectures that are in contact with the sensing element, sensing electrodes based 

on carbonaceous nanomaterials (e.g. CNTs and graphene) (Luong et al. 2005, 

Swamy et al. 2007) are considered as excellent candidates for such a purpose due 

to their high specific surface area, good electrical conductivity, and outstanding 

chemical stability. Cyclic voltammetry (CV) is the most common technique to 

obtain information about oxidation and reduction potentials as well as 

corresponding reaction mechanisms. In cyclic voltammetry, cyclic potential scans 

between working and counter electrodes are applied, while the current is monitored. 

Peaks in the acquired current–voltage plot indicate electron consumption/source 

corresponding to oxidation/reduction (at specific voltage values) of the given 

analyte. 

4.2 Sensing mechanism of trifluoroacetylazobenze molecules to 

amine compounds 

In this work, 4–(Dioctylamino)–4’–(trifluoroacetyl)azobenzene was applied in 

Nafion® and CNT–Nafion® composite films on the surface of glassy carbon 

electrodes to detect amine molecules (putrescine, cadevarine, ammonia) in 

solutions. This trifluoroacetylazobenze molecule was first synthesized by Mohr et 

al. and demonstrated as an optical amine sensor owing to the blue shift of its 
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absorption peak after binding with amines. As a strong electron acceptor, the 

trifluoroacetyl group of the dye forms a hemi–aminal group when reacting with 

amines. As a result of the reaction, the “box” of delocalized electrons shortens 

(Figure 8) (Mohr et al. 2004) and due to the stronger confinement, the resonance 

energy of the delocalized electrons increases and requires optical photons with a 

shorter wavelength to induce excitation/absorption. 

Fig. 8. Reaction of 4–(Dioctylamino)–4’–(trifluoroacetyl)azobenzene and amine. (Paper 

II) Reproduced with the permission of The Royal Society of Chemistry, 2015. 

The receptor shows good optical response to mono– (ammonia and ethylamine) 

and diamines (putrescine and cadevarine) but fails when exposed to 

tetramethylammonium hydroxide because of the lacking dative electrons in the 

latter molecule. Another interesting feature of the receptor is the reversibility of 

optical response when removing the amine from its surrounding. This is caused by 

the reaction itself, which is an equilibrium process. The reverse reaction and thus 

reverse optical response are slow for diamines (Paper II). (Mertz et al.2003) 

4.3 Electrochemical detection of amines using electrodes of 

receptor–Nafion® and receptor–CNT–Nafion® composites 

Because of the reaction between trifluoroacetylazobenze and amines, we anticipate 

that receptor molecules adsorbed on the surface of electrodes can help detecting 

amines by means of electrical measurements. To verify our hypothesis, various 

types of composites using trifluoroacetylazobenze, carbon nanotubes and Nafion® 

were made and applied on the surface of glassy carbon electrodes to perform CV 

measurements in electrolytes with amines.  

The receptor–CNT–Nafion® composites were made by dispersing 0.5 mg 

carboxyl functionalized CNTs in 1 mL Nafion® solution using ultrasonic agitation 

and then mixing 1 mL of the 4–(Dioctylamino)–4’–(trifluoroacetyl)azobenzene dye 

solution (1 mg·mL-1 in THF) while maintaining the ultrasonic treatment. The 

obtained dispersion was then drop–casted on a cleaned glassy carbon electrode 

(GCE, 3 mm in diameter). The surface was dried under ambient conditions and then 

used as a working electrode in a standard three–electrode cell setup with a Pt 
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counter electrode and Ag/AgCl reference electrode. The measurements were 

carried out at room temperature at 50 mV·s-1 sweeping rate using a potentistat 

(Princeton Applied Research VersaSTAT 3). Before each experiment, the 

electrolyte was purged with N2 for 30 minutes. 

Fig. 9. Cyclic voltammetry curves of (a) Nafion®–CNT, (b) dye–Nafion® and (c) dye–

Nafion®–CNT composites in 0.1 M KCl electrolyte in the presence of 0.01 M cadaverine. 

The plots with different colors compare the performance of composites with different 

amounts deposited on the glassy carbon electrode. The cycling speed used was 50 

mV·s–1 and all the voltammograms shown are from the first cycle. (Paper II) Reproduced 

with the permission of The Royal Society of Chemistry, 2015. 

The CNT–Nafion® modified electrode appears to be insensitive to cadaverine, 

while receptor–Nafion® modified electrode shows a small peak around -0.2 V (vs. 

Ag/AgCl) corresponding to the oxidation of the dye itself as well as a relative 

increase in the oxidation current around 0.8 V (vs. Ag/AgCl). On the other hand, in 

the case of the Receptor–Nafion®–CNT modified electrodes, there is a significant 

increase in the oxidation current around -0.2 V (vs. Ag/AgCl) in which a peak 

appears at around 0.8 V (vs. Ag/AgCl) (Fig. 9). The magnitudes of the currents for 

both peaks are increased as the amount of composite material is increased on the 

surface of glassy carbon electrode (Fig. 10). Based on the results, we may conclude 

that (i) the presence of receptor can promote oxidation of cadaverine, which takes 

place at around 0.8 V (vs. Ag/AgCl) and (ii) the presence of CNT network enhances 

the current response of the modified electrode, most likely by providing a large 

surface area for adsorption of cadaverine as well as by introducing a percolated 

electrical network for a more efficient charge transfer. 
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Fig. 10. Comparison of peak current corresponding to the electro–oxidation of 

cadaverine (Ep ~0.8 V (vs. Ag/AgCl) shown in Fig. 9 (b) and (c) after the background 

subtraction. (Paper II) Reproduced with the permission of The Royal Society of 

Chemistry, 2015. 

Measurements carried out with other amines such as ammonia and putrescine as 

well as mixtures of ammonia putrescine and ammonia and cadevarine gave similar 

results as cadevarine only. Accordingly, the sensors are in general sensitive to 

amines but cannot differentiate between compounds. 
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5 Electrocatalytic performance of multi–walled 
carbon nanotubes decorated with copper and 
bimetallic CuPd nanoparticles in methanol 
electro–oxidation reactions 

In this chapter, the principle of methanol electro–oxidation is described and the use 

of Cu and CuPd bimetallic particles grown on buckypapers as catalytic electrodes 

is discussed. The degradation of copper and bimetallic CuPd catalysts after cyclic 

potential scans in different electrolytes is also studied. These results are originally 

presented in Paper III. 

5.1 Background 

Nowadays, the ever increasing energy demand depends on fossil fuels, but its 

limited reserves drives us to look for sustainable solutions. Recently, fuel cells 

whose operation is based on the oxidation of small organic molecules on 

nanostructured catalytic electrodes has emerged owing to the convenient 

conversion of chemical energy to electricity. (Tian et al. 2007) Methanol is an 

excellent candidate for fuel, since it is easy to store and transport and it can be 

synthesized by a number of different chemical processes in extremely large 

quantities. Accordingly, direct oxidation of methanol in fuel cells has been widely 

investigated. (McNicol et al. 1999) The reaction of overall methanol oxidation can 

be divided by two half reactions at the anode and cathode: 

CH3OH + H2O  CO2 + 6H+ + 6e- (anode) 

1.5 O2 + 6H+ + 6e-  3 H2O (cathode) 

1.5 O2 + CH3OH  CO2 + 2 H2O (overall reaction) 

In general, platinum is the most often used and considered as the best catalyst in 

both anodes and cathodes. However, during the methanol oxidation, the carbon 

monoxide (CO) by–product may form and adsorb irreversibly on the surface of Pt 

thus poisoning it. (Aricò et al. 2001) PtRu (Alayoglu et al. 2008) and other Pt based 

bimetallic catalysts (Xu et al. 2009) have been proven to be robust enough against 

poisoning by carbon monoxide, however the price of Pt based catalysts is a major 

concern in practical applications. Although palladium based catalyst systems are 

not solving the major problems associated with price, abundance and sustainability, 

the relatively easy oxidation of Pd to PdO and its reduction back to metal is useful 

in many instances, since the catalyst can act as an oxygen reservoir in catalytic 
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processes. (Huber et al. 2006) Accordingly, Pd and bimetallic PdM (where M is a 

metal) catalyst are popular today for electrocatalytic oxidation reactions (Nitze et 

al. 2014; Chen et al. 2015; Ahmed et al. 2015; Bianchini et al. 2009). However, it 

is important to point out that in core–shell type catalysts, the amount of Pd may be 

significantly reduced compared to conventional nanoparticles without sacrificing 

the electrocatalytic behavior of the material. (Hu et al. 2014) 

5.2 Copper and CuPd bimetallic catalysts decorated on MWCNTs 

buckypapers to form catalytic electrodes 

Carbon nanotubes as large specific surface area and electrically conductive 

materials are commonly used as supporting materials in the configuration of 

catalytic anodes for fuel cells. To prepare buckypapers (thick films of randomly 

tangled CNTs) as growth templates for subsequent chemical plating and galvanic 

replacement, carboxylation (in cc. H2SO4/HNO3 of 3:1 volume ratio) and palladium 

impregnation (from C6H5CH3 solution of Pd(acac)2 followed by calcination at 

300°C in air and reduction at 500°C in 15% H2/Ar) were first applied on MWCNTs 

(CVD grown, carbon > 95%; O.D. × L: 6–9 nm × 5 µm, Sigma–Aldrich) in solution 

phase. Subsequently, aqueous dispersions of Pd impregnated MWCNTs were made 

with the help of sodium dodecyl sulfate (SDS, 1 wt%) and deposited on cellulose 

nitrate membranes by the means of vacuum filtration to form Pd decorated 

buckypapers. This is followed by chemical plating of copper (reduction of copper–

tartrate complex with formaldehyde) catalyzed by the Pd nanoparticles on the 

buckypapers as: 

Cu2+ + 2HCOH + 4OH–  Cu + 2HCOO– + H2 + 2H2O 
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Fig. 11. Representative SEM images of a buckypaper surface (a) before and after (b) 2 

minutes, (c) 4 minutes and (d) 8 minutes electroless plating in copper–tartrate bath. The 

scale bars show 200 nm. (Paper III)  

After the plating process, the obtained copper nanoparticles were taken as 

sacrificial templates for partial replacement with palladium by simply submerging 

the Cu–buckypaper composites into a solution of K2PdCl4. Because the standard 

redox potential of PdCl4
2-/Pd pair (0.59 V vs standard hydrogen electrode (SHE)) 

is higher than that of the Cu2+/Cu pair (0.34 V vs SHE), the copper particles undergo 

a gradual oxidation and dissolution while palladium ions are reduced and replace 

copper, resulting in the formation of hollow nanocages as shown in the inset of Fig. 

12 (a). The overall reaction is spontaneous and can be written as Cu(s) + Pd2+(aq) 

 Pd(s) + Cu2+(aq). (Mohl et al. 2011)   

 

Fig. 12. SEM images of CuPd bimetallic structures after (a) 2 minutes, (b) 60 minutes 

and (c) 960 minutes replacing reaction. The scale bars show 1 µm. Inset of (a): enlarged 

image showing hollow nanocages. The scale bar is 100 nm. (Paper III) 



40 

The transmission electron micrographs demonstrate that the deposited copper 

is rapidly oxidized to cuprous oxide (Cu2O) after the reaction, as the observed 

lattice fringes with d–spacing of 0.25 nm and 0.30 nm can be assigned to the (111) 

and (101) planes of Cu2O (Fig. 13 (a–c)). However, in the case of the bimetallic 

catalyst materials, the appearance of tiny crystals (~5 nm in diameter) with lattice 

fringes of approximately 0.23 nm spacing correspond to Pd (111) indicating that Pd 

is in its metallic form (Fig. 13 (d–l)). 

Fig. 13. HR–TEM images of (a–c) 2 minutes–plating copper, (d–f) 2 minutes, (g–i) 60 

minutes and (j–l) 960 minutes replaced CuPd. (Paper III)   
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5.3 Electrocatalytic performance of copper and CuPd bimetallic 

catalysts decorated on MWCNTs network electrode in electro–

oxidation of methanol 

Since copper may be in a number of different oxidation states, the reference 

voltammogram was first measured in 1.0 M KOH electrolyte to clarify the working 

potential of the corresponding redox reaction. In Figure 14 (a), the main anodic 

peak at -100 mV can be assigned to Cu(0)/Cu(II) and Cu(I)/Cu(II) transition 

through Cu(OH)2 formation from the metal and cuprous oxide, respectively.  

There are two minor anodic peaks appearing between 0.4 V and 0.7 V as shown 

in the inset of Fig. 17 (a). Peak 1 is due to the oxidation of copper in alkaline media 

(Cu + 3OH-  HCuO2
- +H2O + 2e-), while peak 2 is assigned for the Cu(II) to 

Cu(III) oxidation. (Shames El Din et al. 1964, Heli et al. 2004) 

Fig. 14. Cyclic voltammetry curves of Cu or CuPd/buckypaper composites in (a) 1 M 

KOH solution and (b) 1 M KOH solution containing 1 M methanol. Inset of (a): enlarged 

plot of (a) at potential range between 0.2–0.8 V vs. Ag/AgCl. (Paper III) 

Oxide–mediated electro–oxidation of alcohols and amines on catalytic surfaces 

of non–noble transition metals such as copper has been studied in detail. 

(Fleischmann et al. 1972) Being a strong oxidizing species for methanol, Cu(III) 

further ensures the electrocatalytic activity of copper in the Cu–containing 

electrodes. On the other hand, Fig. 17 (b) suggests the electrocatalytic oxidation of 

methanol on copper and different CuPd bimetallic catalysts takes place separately 

on the two different metals (between 0.6 V – 0.8 V on copper catalyst (Heli et al. 

2004) and between -0.2 V – 0 V on palladium catalyst (Shih et al. 2013)). 

Considering the atomic composition of copper and palladium in the three different 

CuPd bimetallic structures, it seems copper is the dominant catalyst in the process 
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no matter what the palladium concentration is in the corresponding bimetallic 

structure (even as high as 80 at% for 960 minutes replaced CuPd sample). This 

copper dominant behavior may be attributed to the presence of oxide phases 

(palladium oxide and cuprous oxide) in CuPd/buckypaper composites. The 

appearance of oxide after the galvanic replacement results in a decreased catalytic 

activity of the electrodes. Moreover, the oxidation of copper to cuprous oxide in 

the structure also contributes to the limited charge transfer caused by the relatively 

low conductivity of the oxide compared to the pure metal, and because of the 

formation of non–ohmic interfaces between the metals and semiconducting oxide 

phases. 

5.4 Degradation and durability of copper and CuPd bimetallic 

catalysts decorated on MWCNTs network electrode in the electro–

oxidation of methanol 

The degradation of copper or CuPd/buckypaper composites in 1.0 M KOH with the 

absence/presence of methanol was also studied. In the case of copper decorated 

CNTs, crystalline Cu(OH)2 with needle shape structures was formed in KOH 

electrolyte. However, the acicular features associated with anodized copper are not 

visible for the other three CuPd bimetallic structures meaning that palladium can 

efficiently prevent copper from anodic oxidation. In addition, the intact hollow 

nanocages further prove that even small amounts of palladium could also provide 

great protection for the CuPd bimetallic structure from the corrosion during the 

cycling treatment in the alkaline solution. 

On the other hand, in the presence of methanol (1.0 M methanol and 1.0 M 

KOH), after 5 electrocatalytic cycles, the morphology of the four composites are 

significantly changed. In the Cu–buckypaper composite, the deposited copper 

particles are nearly absent from the surface, while in the case of the CuPd–

buckypaper composites a thick poorly conducting phase was observed in the 

samples by SEM.  

Chronoamperometry measurements (Fig. 15) were performed to assess the 

durability of the catalytic electrodes in 1.0 M methanol in 1.0 M KOH electrolyte 

at the oxidation potential of copper (0.72 V versus to Ag/AgCl electrode). The 

polarization current rapidly and considerably dropped after the start of the 

measurement, however after ~15 min the current is settled to fairly constant values. 

The sudden loss of conductivity for the Cu and CuPd/buckypaper composites may 

be explained by the rapid oxidation of copper in alkaline solution. The decrease of 



43 

the current in the chronoamperometry curves seems to correlate with the atomic 

composition of the catalyst metals. Electrodes with large Pd content show better 

current stability, which is in agreement with our previous claim that palladium in 

CuPd bimetallic structures can protect copper from oxidation. 

Fig. 15. Chronoamperometric curves of Cu or CuPd/buckypaper composites in 1 M KOH 

solution containing 1 M methanol at fixed potential of 0.72 V versus Ag/AgCl reference 

electrode. The mass activity is the current normalized to the total mass of the electrode 

material (i.e. carbon together with the metals as determined by weight measurements 

of the samples). (Paper III) 

It is worth mentioning that the generally higher mass activity measured for the 960 

min Pd replacement electrocatalyst in the chronoamperometric data reflects well 

the superior stability of the material compared to the other samples. This is 

particularly important by considering the originally higher mass activity of the 

other samples as measured in the first voltammogram cycle for the Cu/CNT, 2 min 

Pd and 60 min Pd replacement samples shown in Figure 14(b). 
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6 CNT forests as growth templates for capping 
tungsten carbide and tungsten disulfide catalytic 
electrodes in the hydrogen evolution reaction 

In this chapter, the hydrogen evolution reaction and the role of catalysts in the 

electrochemical process are introduced. This is followed by a description of a novel 

approach to produce catalytic composite electrodes of tungsten carbide and 

tungsten disulfide with CNT forests. The electrocatalytic performance of the new 

composites is evaluated in the hydrogen evolution reaction. The results are 

originally presented in Paper VI. 

6.1 Background 

Water splitting (H2O  H2 + 0.5O2) to produce H2 is an important reaction as it can 

supply clean fuel with zero pollution. Water splitting is achieved by two main 

approaches: electrolysis and photolysis. The reaction requires an input energy of 

∆G = 237.1 kJ·mol-1 at standard conditions, which corresponds to a thermodynamic 

voltage of 1.23 V. (Walter et al. 2010) The overall reaction can be separated to 

cathodic (2H+ + 2e-  H2) and anodic (H2O  0.5O2 + 2H+ + 2e-) sub–reactions 

referred to as H2 and O2 evolution reactions, respectively. For the H2 evolution 

reaction, two different reaction routes i.e. the Volmer–Heyrovsky and Volmer–Tafel 

mechanisms are used to describe the process. In both models, surface adsorbed H 

atoms (Volmer step) are considered as intermediates in the formation of molecular 

H2, thus the free energy of hydrogen adsorption (∆GH) greatly influences the overall 

reaction rate. The best catalyst would have the ∆GH value close to zero since higher 

or lower values would limit the subsequent Heyrovsky or Tafel step and thus lower 

the efficiency of hydrogen production. This principle derives the well–known 

volcano plot, in which the catalytic activity of a material for the HER is plotted as 

a function of the hydrogen–metal bond strength. (Greeley et al. 2006) Among the 

catalysts studied, platinum and other noble analogues are performing the best. 

However their price and limited availability greatly restricts large–scale 

applications in practice just like in fuel cell applications as mentioned in the 

previous chapter. 

Recently, carbides (Levy et al. 1973) and dichalcogenides (Sobczynski et al. 

1988) of the group six transition–metals (Cr, Mo, W) have become popular subjects 

of study in the fields of catalysts and energy applications. Particular interest 
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towards tungsten monocarbide (WC) is shown for its catalytic similarity to 

platinum group metals. (Ji et al. 2008, Gosselink et al. 2013, Garcia–Esparza et al. 

2013, Hurt et al. 2014) The chemical similarity of tungsten monocarbide is partially 

attributed to the intercalation of carbon atoms to the tungsten lattice, which induces 

a “platinum–like” d–band in the electronic density of states. (Bennett et al. 1974) 

By using WC as a host material with a very thin Pt coating layer, the Pt–WC 

composites can reach similar catalytic performance to Pt. On the other hand, the 

bulk dichalcogenides such as MoS2 and WS2 were first suggested as inactive in H2 

evolution (Tributsch et al. 1977) due to its semiconducting 2H phase. (Voiry et al. 

2013, Morales–Guio et al. 2014, Lukowski et al. 2014) However, nanostructured 

sulfides show significant catalytic activity compared to their bulk materials owing 

to the metal rich edge area (Hinnemann et al. 2005) in the lamellar structure and 

also most likely because of the presence of the metallic 1T phase. (Voiry et al. 2013) 

Accordingly, the lamellar nanostructures of MoS2 and WS2 are expected to have 

improved catalytic efficiency when growing them on curved and rough substrates 

while maintaining the perpendicular orientation of nanoflakes (instead of parallel 

lapping on the surface). (Wang et al. 2013) 

6.2 Direct growth of WC and WS2 on CNT forests and the structural 

characterization 

For the growth of WC and WS2 on CNTs, a thin layer of tungsten (150 nm) is first 

deposited on the top surface of the cleaned nanotube forests. Accordingly, the 

obtained composites would also be in the top–most region of the nanotube films 

after carburization or sulfurization (Fig. 16). 

Fig. 16. SEM images of (a) the top surface of a CNT forests after annealing in air and 

cleaning with Scotch–tape peeling and (b) the tungsten coated CNT forest (CNT–W). 
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The scale bars show 1 µm (main panels) and 200 nm (insets). (Paper IV) Reproduced 

with the permission of The Royal Society of Chemistry, 2015. 

Upon carburization, the distortion of the tungsten crystal lattice due to the 

diffused carbon atoms is observed in a series of shifted diffraction peaks in the 

XRD patterns (Fig. 17 (a)). As the annealing time was extended from 1 to 4 hours 

at 1000°C, three primary diffraction peaks of hexagonal tungsten monocarbide 

(WC) appear, indicating that tungsten is partly converted to carbide. On the other 

hand, sulfurization easily transforms W to WS2 already at 800°C (Fig. 17(b)). The 

enhanced intensity of diffraction peaks for the samples obtained at higher 

temperatures are explained by the enlargement of crystalline size and improved 

crystallinity. 

Fig. 17. X–ray diffraction spectra of clean CNT array, CNT–W composite, and produced 

composites after (a) carburization and (b) sulfurization. (Paper IV) Reproduced with the 

permission of The Royal Society of Chemistry, 2015. 

 

The surface morphology of deposited W smoothens with increasing 

temperature in Ar atmosphere (Fig. 18(a–d)). The gradual diffusion and 

incorporation of carbon atoms into the lattice of tungsten lattices and the induced 

WC formation can explain such a change since melting of tungsten nanostructures 

is not possible at the temperatures applied. The change of the morphology during 

sulfurization is more dramatic. The W layer is becoming fine–structured already at 

800°C and 900°C, while increasing the temperature of sulfurization to 1000°C 

results in an edge–on lamella structure of WS2 along each carbon nanotube (Fig. 

18(e–g)). To increase the surface area and reduce the size of WS2 basal plane 

without sacrificing the edge–on lamella structure on CNTs array, the deposition 
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thickness of tungsten was decreased from 150 nm to 30 nm and employed the same 

sulfurization process as earlier (1000°C for 1 hour). As shown in Fig. 18 (h), the 

WS2 crystals are split into nanoflakes that are well–dispersed and separated on the 

CNTs. 

Fig. 18. Scanning electron micrographs of   CNT–WC composites after carburization of 

CNT–W (150 nm W) at (a) 800°C, (b) 900°C, (c) 1000°C for 1hour and (d) at 1000°C for 4 

hours. CNT–WS2 composites synthesized at (d) 800°C, (e) 900°C, (f) 1000°C for 1hour. 

(h) CNT–WS2 composite after sulfurization of CNT–W (30 nm W) at 1000°C for 1hour. 

The scale bars denote 1 µm in the main panels and 200 nm in the insets. (Paper IV) 

Reproduced with the permission of The Royal Society of Chemistry, 2015. 

High–resolution transmission electron micrographs of the 4 h annealed CNT–

WC samples shows CNT–like structures embedded in the host material (Fig. 19 

(a)). The lattice spacing measured for the matrix (~3.0 Å) may correspond to the 

(001) planes of the hexagonal WC (2.84 Å) in agreement with the XRD 

measurements. However, it is worth mentioning that the (100) spacing of cubic W 

is also rather close (3.16 Å) to the measured ~3.0 Å value. On the other hand, the 

embedded CNT–like structures have a lattice parameter of ~3.6 Å suggesting strain 

in the [002] direction of the CNT walls or graphitic flakes (original d–spacing is 

3.4 Å). In the case of the CNT–WS2 samples, highly crystalline WS2 was obtained 

after sulfurization (Fig. 19(b)). Layered hexagonal nanoflake structures with a 

typical thickness of 10–15 nm and diameter of up to ~200 nm are observed around 

the nanotubes. The gap between fringes is 0.62 nm, which corresponds to the d–

spacing of WS2 (002) plane (6.3 Å). 
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Fig. 19. High–resolution TEM images of W–CNT composites after (a) carburization at 

1000°C for 4 hours; scale bar is 5 nm and (b) sulfurization at 1000°C for 1 hour; scale 

bar is 10 nm. (c) WS2 nanoflakes around a CNT; scale bar is 400 nm. Inset shows 

individual nanoflakes; scale bar is 50 nm. (Paper IV) Reproduced with the permission 

of The Royal Society of Chemistry, 2015. 

6.3 Electrocatalytic performance of CNT–WC and CNT–WS2 in 

hydrogen evolution reaction 

After solder mounting the samples (i.e. CNT, CNT–W, CNT–WC and CNT–WS2) 

on bronze cantilevers to make working electrodes for electrochemical 

measurements, the structures were analyzed in a three–electrode arrangement in 

0.05 M H2SO4 with glassy carbon and silver chloride (Ag/AgCl) as counter and 

reference electrodes, respectively. In the hydrogen evolution reaction, an 

overpotential of 435 mV (the potential at a current density of 10 mA·cm-2) is 

observed for the W–CNT composite, whereas it is 165 mV for the Pt wire in good 

agreement with their free energy for hydrogen adsorption (∆GH). (Greeley et al. 

2006) The behavior of the WC–CNTs electrode is quite similar to that of the W–

CNT, which is probably due to the large amount of unreacted W on the nanotubes 

(Fig. 6(a)). The corresponding Tafel slopes (Fig. 20(b)) are 103 mV·dec-1 and 122 

mV·dec-1 for CNT–W and CNT–WC composites, respectively. On the other hand, 

the limited catalytic activity of the CNT–WS2 samples is most likely due to the 

presence of 2H phase (the W atom is coordinated by 6 S atoms in a trigonal 

prismatic arrangement) rather than catalytically active 1T phase (W is in an 

octahedral coordination with surrounding S atoms resulting in a strained structure) 

in the samples, (Voiry et al. 2013) which is caused by the high reaction temperature 

(1000°C). The Tafel slopes of CNT–WS2 composites (182 mV·dec-1 and 159 

mV·dec-1) also support our assumption that our nanoflakes are in the less 

conductive 2H WS2 form. It is important to mention that the overpotential (684 mV) 
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of the porous structure is much lower than that of bulk 2H WS2 (over 1 V). The 

good and thin electrical interface (CNT–WS2–electrolyte) in the samples caused by 

the direct growth of the edge–on lamellae can reasonably explain the lower 

overpotential. (Voiry et al. 2013) 

Fig. 20. (a) Camera image of a solder mounted electrode with a CNT forest foot print 

size of 2×2 mm2. Inset shows an electrode in operation. (b) Linear sweep 

voltammograms of different CNT based composites electrodes at their corresponding 

active potential region of hydrogen evolution reaction in 0.05 M H2SO4 solution (scan 

rate 10 mV·s-1). (c) Tafel plot of the corresponding voltammograms. (Paper IV) 

Reproduced with the permission of The Royal Society of Chemistry, 2015. 
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7 Summary and conclusions 

Carbon nanotubes have been proven as multifunctional materials in the past two 

decades owing to their unique set of properties such as high specific surface area, 

good electrical and thermal conductivity, great mechanical strength, light weight 

and chemical inertness. Besides these features, after chemical functionalization, 

incorporation of polymers or surfactants, the nanotubes can also fit fabrication 

processes in solution phase broadening the spectrum of their utilization even further. 

The integration of functional CNTs with different active materials provides a 

versatile strategy for innovations and solving technical challenges.  

Multi–dimensional carbon based nanostructures have been studied in this 

thesis for electrode applications. The porous and electrically conductive 

architecture with large permeable surface area can accommodate high loading 

amounts of active materials. Based on this principle, the direct growth of active 

materials on carbon template has emerged lately which ensures the intimate 

interface between the carbon host and the capping materials with good electrical 

and mechanical interface. 

The synthesis of three–dimensional carbon–metal electrodes through the CVD 

of filamentary carbons on printed porous catalyst structure has been demonstrated 

as a facile approach to obtain electrode structures on solid surfaces (Paper I). The 

novel integrated electrodes show comparable performance in EDLC and field–

emission applications with other CNT based electrodes. The method may be 

optimized further by using smaller catalyst particles and other printing techniques 

to compose growth templates with a better print resolution and higher porosity.  

CNTs incorporated into organic composites via solution phase processing 

displayed better response in electrochemical sensing than the reference materials 

without nanotubes (Paper II). The methodology of simply mixing CNTs with active 

materials in dispersions is expected to fit roll–to–roll fabrication processes allowing 

even large–scale production of low–cost sensing devices.  

Chemical template growth of catalyst nanoparticles on two–dimensional 

random networks of carbon nanotubes (Paper III) as well as on three–dimensional 

vertically aligned CNT forest (Paper IV) have been developed and studied for 

electrocatalytic electrodes. Oxidation of methanol and production of H2 from water 

were demonstrated.  

The versatility of materials combinations and the feasibility of using the 

conductive and porous CNT scaffolds have been proven to offer a facile technique 

to fabricate novel electrodes for a number of different applications. 
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